Introduction
Temperature plays an important role in processes that affect the infrastructure and operation of wastewater works. Based on data obtained from wet weather conditions and cold periods, Wanner et al. (2005) determined that a decrease of one degree Celsius in the liquid leads to a 10% reduction of the maximum specific net growth rate of nitrifying microorganisms. In sewer systems, high temperature accelerates processes involved in the sulfur cycle affecting the long term corrosion of pipes (Joseph et al. 2012) as well as the production of unpleasant odors and flammable gases (Yongsiri et al. 2004 , Lahav et al. 2006 . A study revealed that a change of 5 ℃ (from 20 to 25 ℃) increased the sulfide oxidation by 15% (Nielsen et al. 2005) .
Moreover, wastewater has been currently considered as a source of low-quality energy (sensible heat that can't be used to produce work) available in the surroundings of houses that can be used for ambient heating (Meggers and Leibundgut 2011) ; therefore, information about the availability and temperature distribution of water in sewer networks is needed. Cipolla and Maglionico (2014) measured the flow and temperature of sewer networks at five sites for five months. The authors described the behavior of flow and temperature finding a relative variation from 0.25 to 1.5 times with respect to the mean daily flow, and 0.9 to 1.05 times with respect to the mean daily temperature of each monitoring site (from 20.9 °C in October to 13.5 °C in December).
Modeling tools have been developed to estimate the temperature change in gravity flow sewer pipes. Wanner et al. (2004) showed a model for water temperature along sewer conduits. Abdel-Aal et al. (2013) presented a simplified model to estimate the wastewater temperature in sewer pipes in steady-state conditions. Dürrenmatt and Wanner (2008) presented software called TEMPEST to estimate the temperature change in sewer pipes whose equations are also explained in a later paper (Dürrenmatt and Wanner 2014) . In the TEMPEST model, the water temperature T W , [℃] is described by the balance shown in Equation (1) of the list of model equations in the supplementary material, the TEMPEST model takes into account the convective heat transfer from the pipe wall to the water in the wet part (q PW Js −1 m −2 ]) and the heat transfer from the surface water to air (q WL ), the heat lost due to the change of phase of water by evaporation (q eW ), as well as the heat gained by biologic metabolism inside the water per volume unit (q Abdel-Aal et al. (2014) suggest that some of the parameters of the TEMPEST model are not sensitive, technically difficult to obtain and the software requires high computational load restricting its practical use and at the same time opening a gap in developing a parsimonious (reduced) model that can be used in a sewer network.
This paper presents a model that takes into consideration only the interactions governing heat transfer from water to the surroundings. The model was simplified with the results of the sensitivity analysis of the balance equations in the model TEMPEST, ARTICLE HISTORY received 4 october 2015 accepted 11 July 2016 KEYWORDS Heat recovery; wastewater temperature modeling; heat transfer the water temperature in gravity flow are the input temperature and flow rate (Wanner et al. 2004) .
Once the balance of the fluid is solved, T W,out is modeled with the heat balance (Equation (5)), which excludes the heat transfer from the surface water to air q WL , the heat lost due to evaporation of water q eW and the generated heat due to microbial metabolism q ′ COD is presented in Equation (1) in the TEMPEST model.
The heat flux at the interface water-pipe wall q PW is given by the difference of temperature between the pipe wall (T Pw ), and the water (T W ), multiplied by a heat transfer coefficient
according to Equation (6). The heat transfer coefficient is given by Equation (7), where W is the thermal conductivity of water ( W = 0.6Js
) and Nu is the dimensionless Nusselt number where Nu = 0.023Re The heat conduction from the water to the pipe and from the pipe to the soil is modeled with an energy balance equation solved by the finite-differences method. The pipe and the soil are divided with a cross-sectional mesh (see Figure 1 ) into i = 1, 2, … to n layers in the radial direction (r), and j = 1, 2, … to m tangential divisions of one vertical half of the pipe. The total number of layers in the radial direction (n) is given by the summation of n P and n S layers of the pipe and soil respectively. For a control element with volume V [m 3 ] in the coordinates (i,j), the energy balance is given by the Equation (8).
From Equation (8), the rate of temperature change in the node (i, j) is given by the rate of temperature Ė [kgm −3 s −1 ] transferred into V calculated as a rectangular prism by Equation (9), where
is the longitudinal area of the control volume with length Δx [m] and radial distance from the pipe wall to the node r i,j [m] . A ′ i,j is calculated with Equation (10). E r in of Equation (8) indicates the incoming rate of temperature transferred in the radial direction. In the nodes that touch the wetted perimeter of the pipe, the heat transfer at the interface water-pipe wall is given by convection according to Equation (11) where A ′ i,0 is also Ω W * Δx at the nodes above the water level; Ė r in,conv = 0kgm
. After the first layer of the pipe to the boundary soil, the incoming radial heat conduction is given by Equation (12) ] described by Equation (13) whose final value depends on the heat conductivity, the heat capacity and the density of the pipe and surrounding soil.
The tangential heat transfer is given by Equation (14). As the cross-sectional heat transfer is calculated for the vertical half of the pipe, it is assumed that there is adiabatic symmetry at the bottom (nodes i, 0) and the top (nodes i, m) of the half circumference.
Each increment of the radial distance is set according to Equation (15) where K P|S [−] is a factor of increment of the radial distance which varies for the pipe and the soil. Equation (15) implies that when K > 1, Δr i increases proportionally to the distance from the center of the pipe. When K = 1, Δr is homogenous. In Equation (15), δ and n can become δ P , n P or δ S , n S for the pipe and soil respectively. The tangential length of each arc segment at the radial distance r i is calculated with Equation (16). The initial temperature of both the pipe and the soil, T P,0 and T S,0 , is also required.
At the wetted part of the pipe, the continuity conditions at the interface water-pipe (t, r = D/2, θ W ) are T W = T PW = T t i,0 implying that the heat transfer in the radial direction can be calculated from a partially-filled to full pipe flow with stagnant water. The presented by Dürrenmatt and Wanner (2014) and, simultaneously, another model was added to describe the temperature behavior of the soil surrounding a pipe. In order to calibrate it and test its performance in relation to the TEMPEST model, a series of controlled discharges was performed.
Methods
The research consisted of the development of the parsimonious model, and its calibration with the help of two separate experiments for the hydraulics and the thermal parameters needed. The parsimonious model was verified and compared to the TEMPEST model in steady and un-steady conditions with measurements obtained in a third set of experiments.
Model equations
In the developed parsimonious model (the equations are listed in the supplemental material), the St. Venant equations are also used to describe the flow in one dimension. The mass balance is read as in Equation (2) In turn, C is determined with a relation, based on the Strickler roughness coefficient k s m 1∕3 s −1 . The relation is shown in Equation (4) of the supplemental material.
In the parsimonious model, the heat exchange is only governed by the heat conduction between the pipe and water along Ω w of circular pipes as presented in Equation (5) of the list of equations. The balance neglects the heat transfer phenomena related to air in the headspace of the pipe. The reasons to exclude the heat transfer related to air are listed below.
In the TEMPEST model, it is assumed that air is incompressible and that there is free exchange of air between the in-sewer air and the atmosphere, which might not be accurate because some authors have concluded that the sewer ventilation is affected by the geometry of the systems (Granata et al. 2011) ; therefore, the convective heat transport by air was neglected.
The mass and heat exchange for the in-sewer air were also neglected since according to Dürrenmatt and Wanner (2014) , the condensate that flows back to the water stream is small compared to the total water mass. Furthermore, the humidity in the headspace of sewer pipes near the case study was close to 100% according to our measurements and in agreement to typical values in sewers (Joseph et al. 2012) , suggesting that evaporation-condensation processes are constantly in equilibrium.
Added to the exclusion of the air-related heat exchange, the metabolic heat production and the fouling factor were omitted since it has been shown the model is not sensitive to those parameters (Dürrenmatt and Wanner 2014) ; the most sensitive parameters were the soil temperature at the boundary condition (T S,inf , [℃]), the thermal conductivity ( S, [Jkg -1 K -1 ]) and the distance to the undisrupted soil ( S , [m]). Other sensitive parameters to model continuity conditions at the interface pipe-soil (t, r = D/2 + δ P , θ W ) set the temperature of the pipe equal to the temperature of the interface (T P = T PS ) and q P = −q PS with the heat fluxes q P and q PS given by the Equations (17) and (18). At the end of the soil, the boundary conditions are
In the tangential direction, the heat flux q P at (t, r, θ = 0) is −q P and q S (t, r, = 0) = −q S . The temperature boundary conditions are: at T P (t, r, = 0) = T P and at T P (t, r, = r) = 0.
In the longitudinal direction, the initial conditions of the heat transfer process at (t = 0, x) are an initial water temperature T W = T W,0 . At (t, x = 0), the boundary condition for the upstream water temperature is T W = T W,in .
The parsimonious model has been developed as an add-on compatible with the urban drainage software Sobek™, allowing us to import sewer network databases, add manholes and other type of infrastructure, determine pump regimes, and modify any network in a graphical interface if required. It can be accessed at http:// doi.org/10. 4121/uuid:192e2343-8038-474d-893f-e0f4436c0c12 .
The model can calculate temperature changes in water and soil in empty, partly filled of completely filled pipes varying the contact surface water in the pipe. Although a heat transfer model was not developed for other infrastructure elements different from conduits (manholes, pump stations, tanks) the storage capacity of other elements is considered in the hydraulic model.
Case study
The temperature model was tested in an empty sewer system located in the north of Amsterdam, constructed in 2007, with no connections. The average slope of the system (Figure 1a ) is 0.62%. The pipes are made of PVC with an internal diameter D of 234 mm and 8 mm of thickness (δ P ), merging into the pipe from the manhole J to the pumping station, which has a diameter of 400 mm. All manholes have a diameter of 90 cm. At manhole J, there is a connection to another branch of the sewer. The pumping station at the downstream of the sewer has two identical pumps with a capacity of 10 Ls −1 each. Groundwater level measurements near the area indicated that the water table was between −2.9 and −2.65 m above sea level (masl). The profile view of the sewer is presented in Figure 1a of the supplemental material.
Hydrostatic readings of pressure and temperature of air and water (hydrostatic pressure readers DCX-22 from Keller™ with water level resolution of 25 mmWC and temperature accuracy of ± 0.5 °C) were taken every minute in the pipes near manholes B, C, D, E and H. The sensors were protected with a plastic hose with holes to avoid the effect of turbulence. A flow meter (Promag 50P, accuracy of 0.5% of measured flow) was installed at the discharge point, where periodical readings were done and the flow rate was controlled.
The soil temperature was measured at two places in the sewer pipe (S1 and S2 in Figure 1a ) approximately at ¾ of the length between the pipe section A-B and the section D-E. The reason was to minimize the effect of turbulence caused by the discharge at the upstream manhole, and to guarantee the largest longitudinal heat exchange possible in the pipe without local disturbances caused by the manholes. The soil temperature was measured (with resistor temperature detectors; accuracy of ±0.21 °C) every minute in the cross sectional direction in the coordinates depicted in Figure 1 at two radial distances: 45 and 135 mm from the pipe wall.
In order to calibrate and validate the accuracy of the temperature model, the experimental work was divided into three main stages. The first stage embraced the calibration of the friction coefficient of the hydraulic model needed to determine the convectional heat transport in wastewater with a steady-state discharge. The second stage was the calibration of the conductive parameters that govern heat transfer from water to the surroundings. After the calibration of the heat transfer parameters, the model was validated and compared against TEMPEST.
Calibration of hydraulic and thermal parameters

Calibration of hydraulic parameters
For the hydraulic calibration, a constant flow of cold water was poured into the sewer from manhole A (Figure 1a) . The Cross section of pipe and surrounding soil; inspired by (Dürrenmatt and Wanner 2008) Another parameter that was fixed before calibration was the thickness of the modeled soil layer (δ S ) because the position of the installed sensors in the soil was fixed too. The distance of the sensors (Figure 1 ) was determined based on a preliminary heat balance performed in a simulated PVC pipe of 100 m length and 234 mm diameter with similar soil characteristics. In the balance: T S ≈ T S,inf when S ≈ 2 m thus, δ S was set to 2.61 m to keep an optimum balance between the distance to the undisrupted soil and the distance between the position of the sensors and the point of the mesh where the soil temperature is modeled. The increment factors were K P = 1 and K S = 3.
The remaining parameters ρ S , cp S and S (density, specific heat and thermal conductivity of the soil) were therefore the calibrated parameters. Additionally, these three parameters are related with Equation (13), to determine the thermal diffusivity of the soil (a S ). This implies that the calibration can depend of a single variable, and there is more than one combination of ρ S , cp S and S that can lead to the calibrated value of a S .
In order to find the calibrated values of ρ S , cp S , and S , the three parameters were varied according to random, uniformly distributed values generated inside the ranges 1440-2080 kgm −3 , 830-1550 Jkg −1 K −1 and 1-3 Js −1 m −1 K −1 respectively; taking into account thermal properties in moist and compacted soils (Ekwue et al. 2006 , Smits et al. 2009 , Tarnawski et al. 2011 . The frequency distribution and confidence interval of a S were estimated with a Bayesian Network according to Equation (13).
Validation and comparison with TEMPEST
The validation and comparison with TEMPEST (version 1.02) consisted in the analysis of residuals of water temperature at manholes B, E and H of controlled discharges of hot water poured into the sewer from manhole A, to the pump station in partially-filled flow. Between every controlled discharge there was a resting time of approximately two hours to cool down and drain the pipes as much as possible. The flow rate at each discharge was kept at 6 Ls −1 for approximately 30 min (36 m 3 of water in total) and 50 °C. The flow rate and temperature were chosen such that the sensors in the sewer pipe were always in contact with water, and to obtain the highest temperature difference between the soil and water possible.
For the comparison of the parsimonious model against TEMPEST, we took account of three considerations concerning the values of input data that both models will use: Since the number of input data for TEMPEST is larger than our model, the first consideration was to use measured input data in TEMPEST whenever possible therefore; the input data ambient temperature (T amb = 11.2
• C), ambient relative humidity (φ = 1) and ambient air pressure (p amb = 1013 mbar] were obtained from measurements in situ and from meteorological data. The second consideration was to assume a value to those parameters difficult to measure therefore, air exchange coefficient (b, [−]), COD degradation rate (r COD , [0.0001mgCOD ⋅ m 3 s −1 ] were set to 1.0 and 0.001 respectively. The implications of changing these parameters was assessed in a published sensitivity analysis (Dürrenmatt and Wanner 2014 ) and own calculations. The results let us know that the variation of , b, r COD and p amb to more than the double or to the opposite value, changes less than 1% from the output water temperature in TEMPEST. minimum value of the root mean squared error (RMSE) in Equation (19), (where Y and Ŷ are the modeled and measured temperature respectively from i = 1 to N data pairs), at the conduits near the manholes B, C, D and H, was used as the target for the calibration. The calibration consisted of the adjustment for the hydraulic local losses of the manholes since it is expected that, according to preliminary calculations of flow velocity, the local losses are more important than hydraulic roughness to describe the flow rate at relatively low velocities (<2 ms −1 ). The local losses, interpreted as equivalent length (L eq [m]), was the main calibration parameter of the hydraulic part of the model. The equivalent length was calculated for every manhole according to the relation shown in Equation (20) The factor k Λ is given by Equation (22), while k P is determined by Equation (23) . The applied optimization method to adjust L eq in each manhole of the model was the Nelder-Mead method.
Calibration and uncertainty of thermal parameters
For this calibration, the sewer was blocked at manhole E ( Figure  1a) , and filled up in less than 30 min from manhole A with hot water. The temperature at the manholes B, C and D, plus the soil temperature at points S1 and S2 in Figure 1a was measured every minute for more than six hours to observe the cooling rate of the water in the pipe and soil and, in that way, to calculate the thermal properties of the system. The hot water was provided by the cooling towers of an industrial site, and transported to the location of the experiment. In order to install the sensors in the soil, the soil was dug at points S1 and S2 more than three weeks before the experiments started, to let the soil properties be restored and thus avoid systematic measurement errors due to soil disruptions. It was assumed that there is low uncertainty between geometry of the database in the model and the actual dimensions of the sewer system. Since the parsimonious model for temperature is influenced by eleven variables, the calibration procedure firstly consisted of a parameterization process to reduce the parameters to be calibrated followed by a Monte Carlo method, based on a Bayesian Network. The optimization parameter was to find the minimum RMSE of water at three positions along the sewer required to calibrate the model, and to determine the uncertainty of the calibrated parameters.
For the parameterization, it was assumed that the thermal properties of the PVC pipes do not change significantly from the literature values, therefore; cp P = 1005 Jkg
, based on Bishop (1978) and Abu-Hamdeh (2003) . The thermodynamic characteristics of water were set as cp W = 4183 Jkg . T s,inf was set to the average measured value at points S1 and S2 (12.4 °C).
the average depth at the monitored manholes (Figure 2) . The optimum ΣL eq was approximately 5.4 m. The water level measurements in manhole D showed more noise than the other manholes. This situation may be a result of the turbulence caused by the height difference between the inlet and the outlet in the manhole (70 cm). This measurement was excluded from the data used for the hydraulic calibration.
According to the Bayesian analysis, the optimal a S was 0.862 × 10 −6 m 2 s −1 (upper right histogram of Figure 3 ) from the combination of S = 1.9 Js
, cp S = 1276 Jkg −1 K −1 and S = 1733 kgm −3 in Equation (13) . The reason is that in the procedure to propagate S , cp S and ρ S the probability to choose any number within their respective ranges was uniform. However, the calibrated value appeared near the mean value of the confidence interval modeled with the Bayesian analysis. According to the calibrated value of a S , the calibrated values of S, cp S and S were 1.9 J ⋅ s −1 m
, and 1733 kgm −3 respectively. The measured and modeled water temperature with the calibrated values is depicted in Figure 4 . The average RMSE of the calibrated water temperature at the monitored sites was 1.45 °C. The largest error was observed in the pipe close to manhole D (RMSE = 1.88 °C) mainly because at the beginning of the experiment the water heated faster than the modeled results. The RMSE in manholes B and C was approximately 1.22 °C and 1.27 °C respectively. The average RMSE can be considered high,
Results
Calibration
Hydraulic calibration
In agreement with the Equations (20) to (23) and the head loss measurements, the equivalent length (L eq ) in each manhole was calculated. The summation of L eq for the entire sewer system was approximately 12 m, with manhole E being the place in the sewer with the largest local loss (7 m) because the mentioned manhole is a corner with an angle Θ of 90 degrees. Manholes B and D were the second and third structures that contributed to the local losses (4 m and 1 m respectively). Since the remaining manholes contributed for less than 1 m, they were discarded from the adjustments. In order to reach an optimum ΣL eq , a total of 13 simulations were performed to reach a minimum RMSE of first layer of S2, all medians were positive and most parts of the boxes and the lines of the first quartile are also on the positive side, suggesting that the modeled temperature was lower than the measured temperature.
The first source of inaccuracy was to consider the characteristics of the soil as isotropic, in that sense, the average soil temperature between S1 and S2, differed by almost two degrees Celsius. The standard deviation of the initial temperature in the radial direction (see Figure 1) at the points S1 and S2 was similar (0.3 °C and 0.4 °C respectively) suggesting that the quality of the measurements was similar at both sites. One cause of the temperature difference can be explained by the ground water level; during an inspection of the sewer, we noticed groundwater infiltration at the bottom of manhole D (repaired before the experiments took place) at 0.2 masl, which is approximately five centimeters higher than the level of the location S2 at the time that the sensors were placed, the soil was only moist. The distance between manhole D and S2 is around 34 m (Figure 1a ). Moreover, the groundwater level can also modify the thermal characteristics of the soil. Sallanko and Pekkala (2008) considered that groundwater significantly enhances the thermal conductivity of soil, and hence could potentially increase ground source heat exchange by several times for a fixed temperature gradient. As it is not possible to consider the soil as anisotropic in the parsimonious model, the mean value of all the soil readings at time 0 was set to one single average value T S,0 . Additionally, it is possible that the distance between the calculation nodes of the mesh was large, decreasing the accuracy of the model for the soil temperature. Although a smaller mesh can increase the accuracy, we decided to keep few segments in the mesh due to the computational load needed to model large sewer pipes, and because the main objective of the model is to estimate the water temperature. Moreover, in order to model the soil temperature around the pipes accurately, there are other processes to consider such as the resolution of the equipment (it is expected that with the current sewer temperature, there is not a large temperature variation in the soil around the pipes compared to the soil a few meters away) and noise (such as solar radiation and ambient temperature, groundwater).
particularly when the temperature difference between comparison points (Manhole B, C and D) is a few degrees Celsius. However, according to the uncertainty of a S from the Bayesian analysis, the measured water temperature fitted inside the interval at 95% confidence level (Figure 4 ) excepting the first two hours of the experiments after the pipe was filled with water, in that time, the registered water temperature was lower than expected by the model. A reason for that could be the unaccounted heat transferred to the air (evaporation, heat lost in the water surface, and heat loss in the non-wetted perimeter) replaced by water at the beginning of the experiment. Figure 5 depicts the box plots during the standardized residuals at all measurement points in water and soil. The standardized residuals are defined as the coefficient between the residuals (∈ i = Y i −Ŷ i ) and their standard deviation. In each box, the line that divides them represents the median value, the end of the box on each side is the value of the first quartile and the end of the lines shows the limit value of the second quartile of the residuals. The dots beyond the box represent the outliers. In the middle sub-plot of Figure 5 , the standardized residuals of water temperature at the manholes B, C and D are shown. It can be seen that the median of the residues in manhole B and D is close to the 0 value, suggesting that there is a balance between the negative and positive residues obtained. The symmetry of the box plots of the three manholes indicate that the residuals were distributed evenly in a positive and negative direction in the first quartile of the residuals.
The modeled soil temperature diverged at both measurement points (upstream at S1, and downstream at S2). At the upstream (S1), the medians of the nearest layer to the pipe (1_1, 1_2 and 1_3) were closer to the zero value than the second layer (2_1, 2_2, 2_3). Both layers were skewed to the negative side, meaning that the modeled soil temperature was higher than the measured temperature. The symmetry of the boxes as well as the distance of the quartiles to the median are similar between layers, which implies that there can be a systematic deviation caused by a missing description in the model or a parameter's values. The residuals in the downstream measurement point S2 (lower subplot of Figure 5 ), do not show a large systematic deviation as in S1. In the the end of the sewer by the connection at manhole H could have modified the modeled water depth and hence the heat exchange. Another reason is that TEMPEST considers the heat exchange related to the air. For un-steady conditions the RMSE of TEMPEST increased to 11.5 °C while for the parsimonious model, the RMSE augmented more than the double (5.3 °C) because the parsimonious model described more accurately the flow in-between discharges than TEMPEST due to the consideration of the hydraulic influence of manholes, other empty space and the pump regime. The RMSE of
Validation and comparison
When the model TEMPEST and the parsimonious model were compared in steady-state conditions, both presented similar accuracy with TEMPEST being slightly more accurate than the parsimonious model (RMSE of TEMPEST = 1.8 °C while RMSE of parsimonious model = 2.0 °C), especially at manhole H (RMSE of TEMPEST = 2.9 °C while RMSE of parsimonious model = 3.2 °C) where the modeled temperature by the parsimonious model had a time mismatch. An explanation is that the storage at discretization, decreased the accuracy of the model to calculate the water and soil temperature.
For water temperature, the comparison of the developed temperature model against TEMPEST showed similar results for steady state condition and an improvement of approximately double in transient conditions, where the largest errors were caused by the inaccuracy in the filling and emptying stages of the discharges. The inaccuracy of the parsimonious model was reduced thanks to the fact that the commercial software where the model is integrated, calculates the changes of flow behavior caused by sewer infrastructure (manholes, empty pipes and pumping stations). the steady-state comparison and the graphic results can be seen in Figure 6 which illustrates the measured and modeled water temperature with TEMPEST and the current reduced model, at the outlet of manholes B, E and H. It was observed that from manhole B to H (237 m of distance between both), the water temperature decreased approximately four degrees Celsius. The computation time to solve the parsimonious model was approximately six times less than the time needed to solve the same model in TEMPEST on the same computer. The performance at manhole E of both models, was the lowest compared to the remaining manholes, possibly due to a drawback of 1D models to describe the hydraulics to describe some conditions in certain structures (Leandro et al. 2009 ).
Nomenclature and list of model equations
The largest source of inaccuracy during the experiment was found in the synchronization time of the filling and emptying stages of the discharges. Similar findings have been shown by Clemens (2001) when, during the calibration of a hydraulic model in a drainage area, the bias was higher during the emptying stage.
The analysis of residuals of both models for water temperature and soil temperature (for the parsimonious model) is shown in Table 1a of the supplemental material together with the empirical and theoretical cumulative probability distribution functions (CFD) of the water temperature residuals of TEMPEST and the parsimonious model, for the manholes B, E and H ( Figure 2a of the supplemental material). For water temperature, the mean squared error (MSE) and the mean variance of the parsimonious model are lower than in TEMPEST. The bias of the parsimonious model, calculated as the square of MSE minus the mean of the variance, as in Equation (24) is approximately one half of the bias in TEMPEST. Because of the ranges in soil temperature, the value of MSE and the variance; the bias of soil temperature of the parsimonious model can be considered high, a method to decrease those numbers are the consideration of a heterogeneous soil and the decrease of the mesh in the soil.
Conclusions
In order to reduce the amount of input data needed to model the water temperature in free-surface flow, a model that neglects the air-related processes of heat exchange in pipes was developed. In order to know the wetted perimeter and velocity of a modeled discharge in pipes (needed in the temperature model), the parsimonious model was integrated to industry-standard software.
The use of controlled discharges to calibrate the hydraulic and thermal parameters of the model separately offered us the advantage of distinguishing some sources of inaccuracy. The equivalent length of pipes connected in a manhole at different levels was difficult to measure due to turbulence. The sensitivity of the hydraulic parameters to the final temperature in the water and the soil is unknown.
The full pipe method to calibrate the thermal characteristics of the soil can be used when the model is going to be applied on another site; an advantage of this method is that experimental costs and environmental burdens are diminished since no continuously flowing water is needed. A method to determine the soil boundary thickness can improve the calibration of the model.
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List of equations
Water temperature balance in TEMPEST model.
One dimensional mass balance of St. Venant equations.
One dimensional momentum balance of St. Venant equations.
Hydraulic friction resistance used in Equation (3).
Parsimonious temperature balance equation inspired by Equation (1).
Heat flux at the interface water-pipe wall.
Heat transfer coefficient of Equation (6).
Parsimonious temperature balance equation for conduction of heat in the radial and tangential direction of the pipe and surrounding soil.
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